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Abstract 
Cytochrome c oxidase is a molecular machine that transduces respiratory energy into an electrochemical proton gradient 
across the mitochondrial or bacterial membrane. Reduction of 0 2 to water takes place at a binuclear haem-copper  site, to 
which four electrons are transferred from cytochrome c on the outer side of the membrane, and four protons from the inside. 
An additional and equal contribution to A/~+ generation comes from so-called proton pumping, where four H + ions are 
translocated across the membrane per 0 2 reduced. Some recent progress in research on the mechanism of energy 
transduction by this class of enzymes is reviewed. © 1998 Elsevier Science B.V. 
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1. Introduction 
The atomic structures of two cytochrome c oxid- 
ases have recently been solved [1-4], which has 
brought the field forward considerably. Although 
these structures do not yield conclusive functional 
information, which must come from dynamics, they 
are of key importance in paving the way for plausible 
mechanisms as well as for minimizing speculation. 
Bringing the structural and dynamic experimental 
approaches together is a major task of today's 
research in this field. 
1 If not stated otherwise, all residue numbering in this paper efers 
to subunit I of cytochrome c oxidase from bovine heart mito- 
chondria. 
2. Location of redox centres and generation of 
There are four redox-active centres in the enzyme. 
Cu A in subunit II functions as a one-electron donor/ 
acceptor and is the entry port of electrons deriving 
from cytochrome c [5]. Three further redox-active 
metals all reside in subunit I (Fig. 1). Haem a accepts 
electrons from Cu A and delivers them to the oxygen 
reduction site. The latter is composed of haem a 3 and 
a copper ion (CUB), which are in close proximity, the 
so-called binuclear site. 
The Cu A centre lies on the outside of the mem- 
brane dielectric [6], which is consistent with the 
crystal structures. Haem a and the binuclear site 
metals lie ca. one-third of the way into the membrane 
domain, and at an approximately equal depth (Fig. 1). 
0 2 diffuses to the binuclear site, possibly through a 
specific diffusion path in the protein from the centre 
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Fig. I. Scheme of some key structures in subunit ] of cytochrome c oxidase. Out and in define the aqueous phases on each side of the membrane into which 
the enzyme is inserted. Electron transfer is indicated from Cu A on the outside (not shown) to tlaem a, and further to haem a~ in the binuclear haem a~-CuE+ 
site. 02  diffusion into this site is shown from the middle of the membrane. The D-channel is a proton-transferring structure that connects the aqueous in 
phase to the invariant Glu-242 (see text). Amino acid numbering is based on cytochrome c oxidase from bovine heart mitochondria. 
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of the lipid membrane [7]. In the overall reaction, 
which may be written as 
H + + 4eou t + 8 i,, + 02 --> 2H20 + 4Hour (1) 
all protons are taken up from the input side of the 
membrane, and four of them are consumed in the 
formation of water. The vectorial arrangement of 
electron uptake from the outside and proton uptake 
from the inside in the oxygen reduction chemistry 
generates A/_~ +. This partial function is conceptually 
analogous to the arrangement of electron and proton 
transfer reactions in bacterial and plant photo- 
synthesis, all examples of Peter Mitchell's notion of 
'vectorial metabolism' [8]. However, four more 
protons are translocated across the membrane per 0 2 
reduced. This so-called proton pumping function [9] 
doubles the overall conservation of energy by the 
enzyme, and represents quite a different type of A/z. + 
generation conceptually. Despite this, proton uptake 
for consumption and for translocation may be tightly 
intertwined both mechanistically and thermody- 
namically in the haem-copper oxidases [10-12]. 
Understanding the mechanism of proton translocation 
in respiration and for bacteriorhodopsin [13] is 
presently one of the key problems in bioenergetics. 
3. The D-channel 
Two proton-conducting pathways (D- and K-chan- 
nels) have been proposed in subunit I of the haem- 
copper oxidases, each named after a key residue in 
the respective structure (Asp-91 and Lys-319). A 
third pathway between helices IX and XII of subunit 
I was proposed on the basis of the crystal structure 
[3], but has not received functional support [14]. A 
proton entry domain of the D-channel (Fig. 2) was 
first identified by site-directed mutagenesis experi- 
ments: Non-conservative mutations of Asp-911, Asn- 
80 and Ash-98 yielded decoupting of proton translo- 
cation from electron transfer in the bo3-type quinol 
oxidase of Escherichia coli cells [ 15,16]. The role of 
Asp-91 in proton translocation was subsequently 
confirmed in reconstituted aa 3- and bo3-type en- 
zymes from Rhodobacter sphaeroides [17] and E. 
coli [18], respectively. The carboxylic group of Asp- 
91 need not be located in this precise position, but 
can be moved to two other unique positions in the 
domain (replacing Pro-95 and Asn-98) without loss 
of proton-translocating efficiency [16]. This finding is 
consistent with the crystal structure [3], which shows 
proximity of Asp-91, Pro-95 and Asn-98 (Fig. 2), and 
suggests that a key property of the channel entry may 
be to provide attraction for protons. Interestingly, this 
domain is near the interface between subunits I and 
III. The crystal structures identified a likely proton 
transfer path from this domain towards the middle of 
the membrane, lined by mostly polar residues [1,3,4], 
i.e. the D-channel (Fig. 1). This path also contains 
several bound water molecules, identified both from 
calculations ([19,20]; Fig. 2) and from the crystal 
structures, and ends near Ser-157, in a cavity near the 
middle of the membrane (Figs. 1 and 2). Proton 
transfer may therefore be mediated by water mole- 
cules and modulated by the amino acid side chains, 
as described in simulations of proton transfer in the 
gramicidin channel [21]. Mutation of Ser-157 (Ser- 
201 in aa 3 of R. sphaeroides and Thr-20l in cyto- 
chrome bo3) to a small residue does not affect proton 
translocation efficiency [19,22], presumably because 
the water molecules in its vicinity can easily rear- 
range. However, mutation to Phe decouples proton- 
pumping [19], providing functional support for the 
notion that the D-channel is used in proton transloca- 
tion in its entirety. 
We have preferred to restrict he D-channel nomen- 
clature to the structure from the inside of the mem- 
brane to the Ser-157 domain (Fig. 1), while others 
include Glu-242 as part of it. Our preference is based 
on the crystal structures and the special role of 
Glu-242 (see below). The X-ray structures do not 
identify any protonic connectivity onwards from Ser- 
157, although Iwata et al. [1] suggested that bound 
waters might connect it further to the invariant Glu- 
242. In contrast, Tsukihara et al. [3] proposed further 
connectivity towards the OUT domain by a channel 
between helices III and IV, with no connection to 
Glu-242. This channel is not well conserved, how- 
ever. 
On the other hand, calculations predict an array of 
ca. three water molecules connecting the D-channel 
to the Glu-242 side chain [19,20]. Mutation of Glu- 
242 to Cys, but not to Asp, in the reconstituted bo 3 
enzyme, decouples proton translocation [18], which 
provides strong functional evidence for the notion 
that the D-channel indeed connects to Glu-242. Other 
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Fig. 2. Entrance of D-channel. Stereo view of some key residues near the entrance, and of Set-157 at the exit (see Fig. 1). Predicted water molecules in the 
channel are also shown [19]. Side chains marked with arrows, and a water molecule between Asp-91 and Asn-98, are high-lighted. The side chains of 
Ash-80 (near Asn-98) and Tyr-19 are also shown. 
mutations of Glu-242 have been shown to block the 
oxygen reduction chemistry as well as proton uptake 
by the isolated enzyme [23,24]. 
4. The  ro le  of  G lu -242  m a molecu lar  ra tchet?  
Both experimental and theoretical considerations 
suggest hat the glutamic acid side chain may have to 
undergo conformational isomerisations between the 
crystallographic IN position and an OUT position in 
order to shuttle protons further towards the outside of 
the membrane [19,20]. Three residues that might 
accept protons from Glu-242 in an OUT conforma- 
tion have been proposed thus far, viz. the eN of the 
Cu B ligand His-29l [19,25,26], a propionate of haem 
a 3 [20] and oxygen bound to the binuclear site 
([25,26]; see below). However, the crystal structures 
have not to date revealed further connectivity beyond 
an OUT conformation of the Glu-242 side chain, 
which does not as such reach any of the proposed 
acceptor moieties. Calculations ([ 19,20]) suggest hat 
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this connectivity may be provided by bound water 
molecules in this region. In addition, Puustinen et al. 
[27] showed by FTIR spectroscopy that there may be 
a polarisable connectivity between the protonated and 
strongly hydrogen-bonded si e chain of Glu-242 and 
a histidine ligand of Cu B in the reduced bo 3 enzyme. 
This is consistent with connectivity between Glu-242 
and Ne of the Cu B ligand His-291 via water mole- 
cules that were independently predicted to span 
between these moieties [19]. With small rearrange- 
ments, the same water molecules could also connect 
the OUT position of the Glu-242 side chain to the 
A-propionate of haem a 3 (see also [20]), which Iwata 
et al. [1] originally considered to be involved in 
proton translocation, and for which we have sug- 
gested a key role in the histidine cycle model as a 
possible interaction partner with a moving histidine 
ligand of Cu [25]. 
Engineering a lysine or an arginine into the vicinity 
of Glu-242 leads to loss of proton translocation [19]. 
However, this does not occur in the Glu-242-Asp 
mutant (S. Riistama, unpublished), which, as such, 
exhibits normal proton translocation efficiency and 
only slightly reduced turnover [ 18]. Thus, a positively 
charged side chain in this domain is not particularly 
destructive per se, unless it can interact directly with 
the carboxyl group. This occurs with Glu-242 but not 
with the shorter side chain of Asp-242, which is 
consistent with the idea that the carboxylic side chain 
may have to move during proton translocation. 
PomPs et al. (this volume) recently performed molec- 
ular modelling of the protonated and unprotonated 
side chain of Glu-242. These calculations reveal that 
rotational isomerisation between IN (crystal structure) 
and putative OUT configurations is both thermo- 
dynamically and kinetically feasible. Moreover, the 
carboxylate anion seems to be much less stable in the 
OUT than in the IN state, while the stability of the 
acid form is similar in these states. This may be ideal 
for a proton-transferring site that functions as a 
molecular ratchet, preventing thermodynamically 
favourable back-leakage of protons kinetically. 
Conformational isomerisation of the Glu-242 side 
chain between IN and OUT positions is of great 
interest with regard to the proton pump mechanism. 
This is precisely the kind of property expected from a 
key acid/base lement of such a mechanism [28,29]. 
Further work is required to assess if the redox and 
ligand state of the binuclear site influences the 
shuttling of Glu-242. If significant, then another key 
property of the 'pump element' would be satisfied, 
viz. that of linkage to the driving chemistry [28,29]. 
Two facts are presently difficult to reconcile with 
such a function of Glu-242, however. One is the 
proton translocation stoichiometry of 2 H+/e - for 
the P--~F and F--~O steps, respectively ([30]; Fig. 3); 
the other is the finding that the D-channel (plus 
Glu-242) delivers both pumped and consumed 
protons. 
5. Critical assessment of the function of the D- 
and K-channels 
Fig. 3 shows a scheme of the catalytic cycle 
defining the two phases of the reaction that might 
utilise the two proton channels, the roles of which are 
extensively reviewed in this issue (e.g. Karpefors et 
al.). It is less frequently pointed out, however, that 
functional evidence for the 'K-channel' as a proton- 
transferring pathway is indirect. Mutation of the key 
residue K-319 blocks reduction of haem a~ ([23]; 
step E---~R, Fig. 3), and impairs proton transfer- 
coupled electron transfer backwards from haem a 3 to 
a [31], but reduction of Cu (step O--->E) may still be 
fast [32]. This is not entirely consistent with the 
notion that both protons taken up on enzyme reduc- 
tion are transferred through the K-channel. Jtinemann 
et al. [32] suggest hat the K-channel may instead 
function as a 'dielectric well', and Rottenberg [33] 
has proposed that it transfers OH anions from the 
binuclear site. There is no evidence for its participa- 
tion in proton pumping. On the contrary, in the 
Lys-319-Met mutant, the electron transfer kinetics 
and proton uptake in the oxidative half of the 
catalytic ycle are unaffected [31,34], although later 
phases of proton uptake may be somewhat deceler- 
ated (see Karpefors et al., this volume). Also, the 
'peroxidase cycle' (see Fig. 3) is associated with 
proton-pumping in this mutant [35,36]. 
Apart from conducting the pumped protons, the 
D-channel almost certainly conducts those protons 
that are consumed in the 0 2 reduction chemistry, 
whose net uptake takes place after 0 2 binding in the 
catalytic cycle ([23,24,34,35,37,38]; Fig. 3). There- 
fore, there must also be protonic connectivity beyond 
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Fig. 3. Model of the catalytic ycle. The main cycle is clockwise from state O through states E, R, A, PR, F and H. O---~R denotes reduction of the binuclear 
site, accompanied by proton uptake from the inside of the membrane. After binding of 02 (state A), the site can quickly receive an electron from haem a 
(ca. 30× 103 s ') to form the PR state. State A decays more slowly to the PM state (ca. 5× 103 s ') if no electron is available in haem a. The sequence 
PR(PM)---~F--)H---~O represents he 'power stroke', which is coupled to the major energy-dependent steps of proton translocation [30]. Key intermediates in 
this process are coloured red, as is the associated proton uptake from the inside (left) and release to the outside (right) of the dielectric barrier. The 
"peroxidase cycle' is initiated by state O, which reacts with added H202, by which PM is formed (see text). The structures of Fe,.~ and Cu B are presently 
under debate, especially for states PM and P~, which are identical by optical spectroscopy, but very different from state F. 
the Glu-242 to the binuclear site, presumably via the 
bound water molecules (cf. above). 
However, we must still remain cautious about the 
precise role of the two proton channels. Consider for 
example the following scenario: The fate of the 
proton taken up in the E---)R step of the cycle 
(presumably via the K-channel) is not known (Fig. 
3). It may not necessarily be consumed in 02 
reduction to water, but could subsequently be translo- 
cated across the membrane in the steps P---~O. This 
may not be revealed in K-channel mutants; neither in 
flow/flash experiments starting from the pre-reduced 
(and pre-protonated) enzyme, nor from experiments 
studying the 'peroxidase cycle', where this proton 
could be taken up from the added H202, thus by- 
passing the channel. It should be emphasised that 
such a scenario is also consistent with the finding that 
the O 2 reduction phase of the catalytic ycle (P---)O; 
Fig. 3) is linked to proton translocation [30]. This 
work showed that the 02 reduction phase (P---~O) 
must be associated with proton translocation on 
thermodynamic grounds. However, since we do not 
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know the fate of the protons taken up in the O--~R 
step, one or even both of them could still end up on 
the other side of the membrane in subsequent steps. 
6. Implications for the pump mechanism 
In my view, it is very important mechanistically 
that the D-channel (and Glu-242) can be shown to 
transfer both pumped and consumed protons. This not 
only implies that the strongly exergonic uptake of 
protons to be consumed in the O 2 reduction chemis- 
try can be utilised directly to drive the proton pump 
[10-12,25,26], but also points at the necessity of a 
key control or gating system, which passes these 
protons either for pumping or for consumption 
[25,26]. A simple way to achieve this is that, in its 
INPUT position, the pump element itself blocks 
proton access into the binuclear site. This could 
assure primary protonation of this element, after 
which, its switch to an OUTPUT position would open 
proton access to the binuclear site. We have proposed 
that the Cu B ligand His-291 might have such a 
function [25,26]. 
The question has often been asked about how it is 
possible that the turnover of the bo 3 quinol oxidase 
enzyme from E. coli is inhibited only by some 50% 
in D-channel mutants, while proton-pumping appears 
to be entirely abolished in multi-turnover experiments 
[15,16,18]. In contrast, turnover of corresponding 
mutant enzymes from R. sphaeroides [17] and P. 
denitrificans [14] are >90% inhibited. One must 
recall, first, that the reactions comprising the P--->O 
steps are much faster than those comprising O--->R 
(Fig. 3). Thus, partial inhibition of the former need 
not block turnover to any great extent. Moreover, 
proton translocation can be partially recovered in the 
Asp-91 mutant of bo 3 at very low pH of the IN phase 
(M. Verkhovskaya, unpublished ata). It follows that 
kinetic delay of proton transfer through the D-channel 
impairs the efficiency of the proton pump. We believe 
that this may be due to a kinetic failure of the proton 
gating system, discussed above, which normally 
distributes D-channel protons both for pumping and 
for consumption. 
Fetter et al. [17,39] found 'reversed respiratory 
control' in a D-91 mutant of the R. sphaeroides aa 3 
enzyme. This was interpreted as Ate-driven proton 
uptake from the outside aqueous phase to the binu- 
clear site via the output path of the pump. However, 
there is at least one alternative interpretation, which 
does not involve the pump's exit path. An input 
conformation of the pump may still be protonated 
from the D-channel, even though kinetically impaired 
by the mutation, but since protonation of the binu- 
clear site is very slow, the pump cannot deliver the 
proton(s) into the exit path. Instead, a leak path 
becomes favoured from the protonated pump element 
to the binuclear site, which may well be accelerated 
two-fold by A+ causing 'reversed respiratory con- 
trol'. In this scenario, the small effect of the D-91 
mutation on the turnover of the bo 3 enzyme, relative 
to aa 3, can be explained simply by a larger a priori 
rate constant of this leak path in bo 3, which is 
consistent with the unique tendency of this enzyme to 
become decoupled at high pH [40]. 
Note that both alternative xplanations of 'reversed 
respiratory control' imply that the pump element is 
close to the binuclear site. Therefore, the mechanism 
of coupling 0 2 reduction to proton translocation is 
likely to be a relatively direct one, involving the 
cofactors and/or ligands of the binuclear site, or at 
least residues in their vicinity. 
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